Active masculinization by fetal testosterone is believed to be a major factor behind sex differentiation of the brain. We tested this hypothesis in a 15 O-H 2 O positron emission tomography study of 11 women with congenital adrenal hyperplasia (CAH), a condition with high fetal testosterone, and 26 controls. Two indices of cerebral dimorphism were measured-functional connectivity and cerebral activation by 2 putative pheromones (androstadienone [AND] and estratetraenol [EST]), previously reported to activate the hypothalamic networks in a sex-differentiated manner. Smelling of unscented air was the baseline condition, also used for measurements of functional connectivity from the amygdala. In CAH women and control women AND activated the anterior hypothalamus, and EST the amygdala, piriform, and anterior insular cortex. The pattern was reciprocal in the male controls. Also the functional connections were similar in CAH women and control women, but different in control men. Women displayed connections with the contralateral amygdala, cingulate, and the hypothalamus, men with the basal ganglia, the insular and the sensorimotor cortex. Furthermore, the connections were in CAH and control women more widespread from the left amygdala, in men from the right amygdala. Thus, we find no evidence for masculinization of the limbic circuits in women with high fetal testosterone.
Introduction
Sexual dimorphism has been reported in the anatomy, neurochemistry as well as function of the human brain (Cahill 2006; Oh et al. 2007 ). Of particular interest are recent findings in the amygdala and hypothalamus, 2 limbic structures showing sex differences not only in the relative volumes and neuronal responses, but also in functional connections (Kilpatrick et al. 2006; Savic and Lindstrom 2008) . The underlying mechanisms are unknown, albeit intensely discussed. One possibility, advocated by the principal theory about sexual dimorphism of the brain, is that exposure to androgens during the developmental period has organizational effects on cerebral structures by influencing neuronal survival and connections (De Vries et al. 2002; Negri-Cesi et al. 2004 ). This hypothesis finds substance in animal experiments, but is difficult to test in humans, because prenatal treatment with testosterone is unethical. Certain rare conditions, so called experiments of nature, may here potentially offer unique information. One such condition is congenital adrenal hyperplasia (CAH). This autosomal recessive genetic disorder has an incidence rate of about one in 15 000 live births (Merke and Bornstein 2005) , and is characterized by severe androgen excess beginning in the fetus. In about 95% of patients CAH is caused by a defect in the 21-hydroxylase gene (CYP21), leading to an impaired synthesis of cortisol and aldosterone. The low cortisol level triggers an increased production of adrenocorticotropic hormone, resulting in hyperplasia of the adrenal glands with increased synthesis of steroid precursors and elevation of androgen levels. The androgen excess is present from early embryogenesis, and causes in girls varying degrees of virilization of the external genitalia, depending on the degree of enzyme deficiency. The syndrome has traditionally been divided into 3 clinical forms, the salt wasting form (SW), the simple virilizing (SV), and the nonclassic (NC) form. The most severe form is SW, characterized by no or a few percent of normal enzyme activity and a life-threatening salt loss during the neonatal period; in the affected females it also causes a pronounced prenatal virilization of external genitalia. The SV form does not include overt SW, but the affected girls still present with prenatal genital virilization. Boys, on the other hand, are often diagnosed due to accelerated growth and precocious pseudopuberty during early childhood. The mildest form, nonclassic CAH, is usually recognized first later in childhood or adulthood when hyperandrogenic symptoms such as accelerated somatic growth, precocious pseudopuberty, hirsutism, and/or decreased fertility become evident. Genital virilization in the 2 more severe forms of CAH leads to diagnosis soon after birth, and to early postnatal treatment with corticosteroids. Although treatment regulates the hormonal milieu, girls with CAH are reported to exhibit more male-typical childhood play than their unaffected sisters (Berenbaum and Resnick 1997; Berenbaum 1999; MeyerBahlburg 2001; Nordenstrom et al. 2002; Hall et al. 2004) , which may be an effect of the prenatally elevated testosterone. Some studies indicate that CAH women also have better spatial abilities (Hampson et al. 1998; Resnick et al. 1986 ), whereas other failed to detect difference from female controls (McGuire et al. 1975; Helleday et al. 1994 ). Furthermore, a virilized ( <1.0) 2D:4D digit ratio (Buck et al. 2003) , lower rates of exclusively heterosexual fantasy (Zucker et al. 1996) and higher rates of bisexual or homosexual fantasy or experience have been reported (Ehrhardt et al. 1968; Money et al. 1984; Dittmann et al. 1992) . The increase in bisexuality and homosexuality is of particular interest, considering that putative markers of high prenatal androgens have in several studies been associated with a heteroflexible or lesbian orientation (MacCulloch and Waddington 1981; Dancey 1990 ). We recently found that limbic and paralimbic networks process signals from putative pheromones in a sex-differentiated manner, and that the response pattern is sex atypical in lesbian women. Whereas smelling of a putative male pheromone androstadienone (AND) displayed activations of the anterior hypothalamus in heterosexual women (HeW) only the classical olfactory regions (the piriform cortex, the amygdala, and the anterior insular cortex) were engaged in heterosexual men (HeM) and in lesbian women (Savic et al. 2001; Berglund et al. 2006 ). The response pattern was almost reciprocal during exposure to the estrogen-like steroid estratetraenol (EST). Using positron emission tomography (PET) measurements of the resting state cerebral blood flow (rCBF) we recently found that also functional connections from the right and left amygdala were sex differentiated, and that in lesbian women these connections resembled those of HeW rather than HeM .
The mechanisms underlying these observations are not evident. In the present study we reasoned that if fetal testosterone has organizational effects on the human brain, the elevated testosterone levels in CAH women would be expected to cause sex atypical cerebral activations with AND and EST, as well as sex atypical patterns of amygdala connections.
Eleven CAH women were investigated in activation experiments similar to those employed in several of our previous studies (Savic et al. 2001 (Savic et al. , 2005 Berglund et al. 2006 Berglund et al. , 2007 . Data from 13 HeM and women were used for comparisons.
Materials and Methods

Subjects
Eleven right-handed women with CAH (age 30 ± 8 years, range 20--38 years) and 26 right-handed heterosexual controls (13 women, age 26 ± 7, range 20--36 years; 13 men, age 28 ± 6, range 21--36 years) were studied. Control women will throughout the manuscript be denoted as HeW, and control men as HeM. Controls and patients were investigated over a longer, but overlapping, period of time (2004--2007) . CAH was related to 21-hydroxylase deficiency in all patients. The diagnosis was based on CYP21 mutation analysis using allele-specific PCR from genomic DNA prepared from venous blood (Wedell and Luthman 1993) . Four women had a SW severe form of CAH, 6 had mutations corresponding to the SV form of CAH, and one had the NC form (Table 1) . None of the patients was treated with dexametasone during the fetal development. In 7 patients the diagnosis was set at birth, in 2 at age 1--2 years, and in another 2 at 9--10 years. Glucocorticoid treatment was initiated directly in all the patients, and all except 2 (no 6 and 9 in Table 1 ) were operated for genital androgenization. Patients had normal testosterone (0.5 ± 0.5 nmol/L) and estrogen levels (265 ± 231 pmol/L). For demographical data, please see Table 1 .
All subjects underwent physical and neurological examinations, and tests of olfactory thresholds with n-butyl alcohol (Savic et al. 2000) . The controls were healthy and without any history or heredity for neuropsychiatric disorders. Handedness was assessed according to modified Edinburgh inventory (Oldfield 1971) . All control subjects, and 8 CAH women rated themselves as entirely heterosexual (=0) on the Kinsey's Heterosexual/Homosexual scale (0 = maximally heterosexual, 6 = maximally homosexual), (Kinsey et al. 2003) . One patient rated 2 on the scale, another rated 4, and a third 5.
Women were investigated during the second to third week of the menstrual cycle, assessed from participants' verbal reports and estimated in relation to day 1 of the menstrual cycle.
The study was approved by the Human Subject Protection and Radiation Safety Committees at the Karolinska University Hospital.
Experimental Procedure
The Odorous Compounds Like in our previous studies (Savic et al. 2000 (Savic et al. , 2001 (Savic et al. , 2005 ) the activation condition consisted of passive, birhinal, smelling (not sniffing) of AND, EST, and 4 different odors denoted as OO. AND and EST were during the PET scans presented in crystalline and odorous form (200 mg, Steraloids, Inc., Newport, RI). Their purity was tested by our doping laboratory, and assessed to be 98%. For further details about the experimental procedure, please see our previous reports (Berglund et al. 2006; Savic et al. 2000 Savic et al. , 2001 Savic et al. , 2005 . AIR served as the baseline condition, and activations were defined as increases in rCBF during smelling of odorants compared with air. All the stimuli (odorous compounds, and room air) were presented in a glass bottle at a distance of 10 mm from the nose. There were twelve PET scans per person (3 scans per condition, balanced and randomly interleaved). Each scan lasted for 60 s (Savic et al. 2001) . During the scans subjects were unaware of the identity of items, and instructed to restrain from sniffing or judging the odorants.
PET Experiments
All the subjects were investigated in an identical way, and by the same experimenters. Thus, PET measurements were carried out at the same time of the day, with a standardized room temperature and air pressure (23°C, 997 hPa; Savic et al. 2000 Savic et al. , 2001 . The experimental protocol and its justification has been described in detail elsewhere (Savic et al. 2000 (Savic et al. , 2001 (Savic et al. , 2005 .
In summary, it included magnetic resonance imaging (MRI) scans (3D acquisition protocol of T 1 -weighted images, acquired at a 1.5 Tesla scanner, described in detail in our previous publications (Savic et al. 2001) , and PET (full width at half maximum 3.8 mm) measurements of rCBF with
Respiratory movements were recorded continuously 2 min before, and during each scan, using a strain gauge around the lower thorax connected to a graph (Comair, Stockholm, Sweden) (Savic et al. 2001) . After the PET scans subjects were asked to score each odorant for pleasantness, irritability, intensity and familiarity using a 100-mm visual analogue scale, as described previously (Savic et al. 2000) .
Data Analysis
Activation. The individual MRI and PET images were reformatted into a common space (standard brain), and filtered with 10-mm Gaussian kernel. Significant activations were determined with the SPM-statistics (SPM2, Wellcome Foundation, London, UK) (Friston and Penny 2003) using the following contrasts: AND--AIR, EST--AIR, and OO--AIR. Activations were first evaluated in each separate group with one-group random effect analysis, employing the entire brain as search space with exception of the caudal portion of the cerebellum (below the level of olives), which we failed to cover in 2 patients. Next, a 2-group random Wedell and Luthman (1993) , with the minimum degree of severity 1, and maximum 5 (no CYP21 enzyme activity).
effect analysis was applied to test group differences. Finally, we used conjunctional analysis to investigate whether there were common activations between several groups. The height threshold for within group and conjunctional analyses was set at P = 0.001, with corrected P < 0.05. For group comparisons we used the uncorrected P < 0.05, assuming that group differences would be found either in the anterior hypothalamus or the odor processing regions (the amygdala and piriform cortex, the anterior cingulate cortex, and the insular cortex).
Resting state functional connectivity. Functional connectivity was defined operationally as the extent to which normalized rCBF in seed regions of interest (ROIs) covaried with voxel-based rCBF values across the investigated subjects. Calculations were based on data from resting state 15 O-H 2 O-PET (eyes closed, ears plugged, and normal breathing of the unscented air). The normalized rCBF was extracted from circular (5 mm) ROIs covering the right and left amygdala (center of gravity in Talairach's coordinates -18, 2, -18 and 15, 4, -16) with MarsBaR software. Significant covariations were, in accord with our previous studies (Ciumas et al. 2008) , calculated at height threshold T = 3.0, corrected P < 0.05, and using the entire brain as search space except for the caudal portion of the cerebellum (multisubject condition and 
Note: R 5 right; L 5 left. Clusters calculated with one-group random effect analysis, height threshold at P 5 0.001, corrected P \ 0.05. Italics denote clusters calculated at P 5 0.001, corrected P \ 0.1. Talairach's coordinates indicate local maxima. Note: Clusters calculated with one-group random effect analysis, height threshold at P 5 0.001, uncorrected P \ 0.05 (because the differentiated hypothalamic activation was predicted in the basis of our previous studies). Talairach's coordinates indicate local maxima. No differences were found between CAH women and heterosexual female controls, and no group differences were observed for OO--AIR. covariate analysis within SPM2). Based on previous studies of healthy controls (Kilpatrick et al. 2006; Savic and Lindstrom 2008) we assumed that the seed ROI would display greater connections with the contralateral amygdala, the hypothalamus, the anterior cingulate and the subcallosum in HeW compared with HeM, whereas the amygdala connections with the sensorimotor cortex, and the basal ganglia would be more pronounced in HeM than HeW. We also hypothesized that CAH women would display a pattern of connectivity resembling that of HeM rather than HeW. The predicted connectivity clusters were in the group comparisons considered significant if their T-value was 3.0 or more, P < 0.05 uncorrected. Connectivity clusters in unpredicted regions were considered significant if their value was P < 0.05 corrected across the entire search space.
Psychophysical parameters. The mean respiratory amplitude and frequency was first calculated during each prescan and scan period. The percentage difference between the scan and prescan value was then compared between CAH women, HeM and HeW with respect to AIR, AND, EST, and OO using a 2-way ANOVA, factoring for subject group and stimulus type, as described earlier (Savic et al. 2005) . A 2-way ANOVA was used also to test group differences in odor ratings, but the stimuli were AND, EST, and OO, because AIR was perceived as odorless. Finally, odor thresholds were compared between the 3 groups using one-way ANOVA. The significance level was 0.05 for all comparisons.
To test for other possible effects of androgenization on phenotype in our material we carried out a post hoc analysis of digit 2D:4D ratios. Low 2D:4D ratio, especially on the right hand, is reported to be a marker of high prenatal testosterone (Manning 2002) . Using steel vernier calipers we measured the second and fourth fingers of both right and left hand. Measurements were carried out directly on the fingers, from the crease proximal to the palm of the digit to the tip of the digit, as well as on the photocopies of the ventral surface of the hands (Manning et al. 1998 ). For latter measurement participants were asked to straighten their fingers and very gently press their hand on the glass plate of the photocopier. Two investigators who were blind to each other's measurements (one also blind to the diagnosis) measured each finger independently. Correlation between measures of the 2 raters, as well as between photocopy and direct finger measurements was tested with simple regression (P < 0.05).
Results
Odor Activations
Within Group Activations When smelling AND CAH women showed activation of the anterior hypothalamus (with the height maximum corresponding to the preoptic area (Schaltenbrand et al. 1982) . In contrast, smelling EST yielded clusters in the amygdala, the piriform cortex, the anterior insular cortex, and in the left lingular gyrus, but not in the hypothalamus (Table 2 and Fig. 1 ). The activation pattern was similar in HeW, whereas in HeM it was reciprocal: HeM displayed a cluster in the anterior hypothalamus with EST but not AND, and showed activation of the left amygdala and piriform cortex, and the left parietal cortex when smelling AND (Table 2, and Fig. 1 ).
Activations with OO were similar in all 3 groups of subjects, and confined to the previously described olfactory circuits (Table 2, Fig. 1 ).
Group Comparisons
The pattern of activation in CAH women differed significantly from the pattern in HeM. This difference was related to AND, as well as EST. Smelling AND caused significant activations in CAH women compared with HeM in the anterior hypothalamus and the subcallosum, whereas HeM activated the olfactory circuits (the amygdala, piriform and anterior insular cortex, and the cingulate), significantly more than CAH women (Table 3 , Fig. 2) . The difference was almost reciprocal for EST--AIR; HeM displayed significantly higher activation in the anterior hypothalamus compared with CAH women, whereas CAH women activated the anterior cingulate significantly more than HeM (Table 3 , Fig. 2 ). No differences were observed between CAH women and HeW, and no differences between the 3 investigated groups were found in OO--AIR. As reported previously, differences between HeM and HeW were detected in the hypothalamus, and in the amygdala, piriform and insular cortex (Fig. 2) . The local maxima for hypothalamus clusters corresponded to the Talairach's coordinate 8, -12, -4 (Z level = 4.1, cluster size 1.1 cm 3 ) for AND--AIR in HeW--HeM, and 2, -8, 2, (Z level = 3.3, cluster size 1.1 cm 3 ) for EST--AIR in HeM--HeW.
Not surprisingly, conjunctional analysis showed that independently of the type of stimulus (OO, AND, or EST), all 3 groups shared clusters in the amygdala, the piriform and the anterior insular cortex (Table 4, Fig. 3 ). In addition, CAH women shared a hypothalamic cluster with HeW when smelling AND. Thus, independently of the type of analysis CAH women expressed a ''female'' type of cerebral processing, and differed in this respect from HeM.
Amygdala Connectivity
As reported by Kilpatrick et al., and recently also by our group , HeW and HeM differed in their functional connections. First of all, functional connections were in HeW more widespread from the left amygdala, in HeM from the right amygdala (Tables 5, 6 ). Secondly, in HeW significant connections were displayed with the contralateral amygdala, the anterior cingulate and the hypothalamus, whereas in HeM connections were observed primarily with the ipsilateral piriform cortex, and the ipsilateral caudate and putamen, (Tables 5, 6 , Fig. 4 ). Like the activation pattern, the amygdala connectivity in CAH women was congruent with that of HeW, but not HeM. Thus, connections were more extensive from the left amygdala, and detected primarily in the hypothalamus, the anterior cingulate and subcallosum, and in the contralateral amygdala (including the piriform cortex). CAH women also showed connections between the left amygdala and the precentral gyrus.
Direct group comparisons revealed no difference between CAH patients and HeW. In contrast, in comparison with HeM--CAH women showed significantly more pronounced functional connections with the contralateral amygdala, the piriform and insular cortex, and the anterior cingulate cortex; HeM, on the other hand, displayed more pronounced connections than CAH women in the striatum and the sensorimotor cortex (Tables 7,  8 , Fig. 5 ).
Psychophysical Data
No significant group differences were detected in odor thresholds (7 3 10 -5 M ± 9 3 10 -5 [HeM], 3 3 10 -5 ± 3 3 10 -5
[HeW], and 4 3 10 -5 ± 5 3 10 -5 [CAH]; P = 0.14, F = 2,07, power 0.39). Neither was there any difference in odor ratings; (P = 0.087 F = 2,5, power 0.48 for familiarity, P = 0.79, F = 0.22, power 0.08 for pleasantness, P = 0.07, F = 2,8, power 0.50 for irritability, and P = 0.07, F = 2.7, power 0.52 for intensity), see figure, in supplemental web information. We did not find any group by stimulus interaction in respiratory amplitude (F = 0.5, P = 0.74), or frequency (F = 1.2, P = 0.32). The baseline respiratory amplitude and frequency is shown in Table, supplemental web information.
Finger Ratios
There was a high correlation between the 2 ways to measure finger ratios, as well as between measures of the 2 raters (r = 0.9; P < 0.001 for both). Evaluation of 2D:4D in the CAH group was based on mean values from the 2 raters. The results presented here were based on direct measurements on the fingers because they are regarded more reliable than those based on photocopies (Manning et al. 1998 ). There was a significant overall group difference on the right, but not left hand (oneway ANOVA, P = 0.0074, power 0.878, df = 2, F = 6.07 right hand; P = 0.178, power 0.338, F value 1.9, df = 2, left hand). CAH women and HeM had significantly lower ratios than HeW on the right hand (P = 0.003 for HeW vs. HeM, and P = 0.014 for CAH vs. HeW). The right hand's ratio was 0.956 ± 0.024 in CAH women, 0.985 ± 0.016 in HeW, and 0.945 ± 0.011 in HeM. The corresponding values on the left hand were 0.979 ± 0.027 (CAH), 1.005 ± 0.033 (HeW), and 0.973 ± 0.047 (HeM). The ratios in controls were, thus, in accordance with those reported previously (Manning et al. 1998 ). Note: R 5 right; L 5 left; Inf 5 infinite. Clusters detected at T 5 3.0, uncorrected P \ 0.05 (bold) and corrected P \ 0.05 (ordinary text), expressed in Talairach's coordinates.
Discussion
Despite the genetically verified diagnosis and parental reports about boy-typical play behavior during childhood, the pattern of activation in the presently investigated CAH women was remarkably similar to that of female controls, and different from the pattern of male controls. CAH women and HeW activated the anterior hypothalamus with AND, whereas HeM activated this region with EST. Furthermore, whilst the amygdala connectivity differed between the male and female controls, no difference was observed between control females and CAH females. Thus, both with respect to aspects of functional organization and functional activation of the limbic circuits CAH women showed a pattern congruent with their biological sex, and different from the opposite sex. Our hypothesis that these specific aspects of cerebral dimorphism would have masculine features in CAH women was thereby rejected. The methodology applied has been discussed in detail in several of our previous publications, and will not be further commented here. With the present group sizes this method is regarded to provide data, which are representative for the entire group (Friston et al. 1999; Friston and Penny 2003) . Application of the same methodology in study groups of similar size has in several previous investigations shown significant group differences, with for example, a sex atypical pattern in homosexual men and lesbian women (Berglund et al. 2006; Hillert et al. 2007; Savic 2002; Savic et al. 2005) . Taken together, these arguments suggest that the present data have enough power for the results to be reliable, and that the failure to detect signs of masculinization in CAH women cannot be attributed to a methodological bias. Neither can it easily be attributed to patient selection. The investigated CAH women had a clear CYP21 mutation (and 21-OH deficiency), which in 9 was moderate or severe.
M Hines proposed that prenatal testosterone seems to have little or no influence on mental rotations ability, although this brain function shows a marked sex difference (Hines 2006) . In a large epidemiological survey Hines and col. also found that the increase in prevalence of male typed childhood play behavior in CAH girls was much more pronounced than the increase in homosexual orientation (Hines et al. 2004) , indicating that testosterone-related influences on the phenotype may vary from one feature to another. The presently observed discrepancies, with the masculine finger ratios, the reported tom-boy behavior during childhood and the diagnosed genital androgenization as opposed to the female patterns of cerebral activation and connectivity, is in accordance with this notion.
Explanations to these discrepancies are not evident from the present data. We can only conclude that intrauterine virilization of genitalia is not necessarily paralleled by a masculinization of the limbic brain, at least not with respect to signal response to AND and EST, and the baseline amygdala connectivity, which are 2 indices of sex-dimorphism. It is theoretically possible that various sex dimorphic features are affected by fetal testosterone in a dose dependent manner. Whilst such a scenario could be attributed for the differences between HeM and HeW (with extremely high testosterone levels in male fetuses), it is less likely to explain the ''male'' like AND and EST activation and functional connectivity in lesbian women described in our previous studies (Berglund et al. 2006; Savic and Lindstrom 2008) . None of our lesbian participants in these studies had genital masculinization, which is expected already at moderate elevations of fetal testosterone. An alternative possibility is that various sex dimorphic features may have different etiological factors; in this respect recent studies by Arnolds group at UCLA are of particular interest as they indicate existence of early, and testosterone-independent chromosomal effects on the brain (Arnold 2004) . Finally, several different etiological factors could contribute to a same sexually dimorphic cerebral feature, for example, psychosexual outcome. The 3 alternatives are not mutually exclusive. Although presently speculative, in the view of present results they all seem relevant to address in the near future.
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